In this study, the problem of magnetohydrodynamics (MHD) mixed convection of lid-driven cavity with a triangular-wave shaped corrugated bottom wall filled with a nonNewtonian power-law fluid is numerically studied. The bottom corrugated wall of the cavity is heated and the top moving wall is kept at a constant lower temperature while the vertical walls of the enclosure are considered to be adiabatic. The governing equations are solved by the Galerkin weighted residual finite element formulation. The influence of the Richardson number (between 0.01 and 100), Hartmann number (between 0 and 50), inclination angle of the magnetic field (between 0 deg and 90 deg), and the power-law index (between 0.6 and 1.4) on the fluid flow and heat transfer characteristics are numerically investigated. It is observed that the effects of free convection are more pronounced for a shear-thinning fluid and the buoyancy force is weaker for the dilatant fluid flow compared to that of the Newtonian fluid. The averaged heat transfer decreases with increasing values of the Richardson number and enhancement is more effective for a shearthickening fluid. At the highest value of the Hartmann number, the averaged heat transfer is the lowest for a pseudoplastic fluid. As the inclination angle of the magnetic field increases, the averaged Nusselt number generally enhances.
Introduction
Due to its importance in many engineering applications such as cooling of electronic devices, food processing, coating, float glass production, solidification, and micro-electronic devices, a vast amount of literature is dedicated to the study of the interaction between the shear driven flow and natural convection in cavities. Recently, the magnetic field effect on the heat transfer and fluid flow have received some attention due to its importance in industrial applications such as micro-electronic devices, purification of molten metals, coolers of nuclear reactors, and many others [1] . Several studies have been conducted to use an external magnetic field for the control of heat transfer and fluid flow characteristics [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Mixed convection with a magnetic field in a top sided liddriven cavity heated by a corner heater was studied in Ref. [13] . They showed that the magnetic field plays an important role to control the heat transfer and fluid flow. The effects of an external magnetic field on ferrofluid flow and heat transfer in a semiannulus enclosure with a sinusoidal hot wall by using the Control Volume-based finite element method was investigated in Ref. [14] . They showed that, for low Rayleigh numbers, as the Hartmann number increases and the magnetic number decreases, the heat transfer enhances while the opposite trend was observed for high Rayleigh numbers.
Most of the studies for natural convection in enclosures are based on simple geometries such as square, triangular, or trapezoidal cavities. Heat transfer and pressure drop characteristics of a copper-water nanofluid flow for isothermally heated corrugated channel was studied in Ref. [15] by using the finite difference method. The effect of a corrugated side wall on the natural convection of a differentially heated cavity was investigated in Ref. [16] by using the finite element method. Their results showed that the heat transfer is greatly influenced by the variation corrugation amplitude and frequency. A numerical study on MHD natural convection through a tilted sinusoidal corrugated enclosure was performed in Ref. [17] .
Fluid flow and heat transfer characteristics by mixed convection in cavities filled with a non-Newtonian fluid is of great importance in many engineering applications such as process industries. NonNewtonian power-law fluid flow in a double-sided lid driven cavity was studied in Ref. [18] with the lattice Boltzmann method. The effects of the power-law index and the Reynolds number on the fluid flow and drag coefficient were investigated. The stability of non-Newtonian shear-thinning and shear-thickening fluids within a square cavity and a shallow cavity of aspect ratio 0.25 was studied in Ref. [19] . They showed that for both cases, the critical Reynolds number changes with the power-law fluid index and a new instability of lower frequency was encountered in the shallow cavity for large enough shear-thinning fluid index. Free convection inside a square cavity filled with a non-Newtonian power-law fluid was numerically investigated in Ref. [20] by using the finite difference lattice Boltzmann method for a range of Rayleigh number, Hartmann number, and power-law fluid index values for horizontally and vertically aligned magnetic fields. It was observed that as the magnetic field increased, the influence of the power-law fluid index on heat transfer decreased. In another study, the non-Newtonian blood flow in a lid-driven cavity under the influence of a horizontally applied magnetic field for a range of Reynolds number, Stuart number, and power-law fluid index values was investigated in Ref. [21] . It was shown that as the power-law fluid index decreased, the effect of the magnetic field on the flow increased.
Based on the above literature survey and to the best of authors' knowledge, the problem of MHD mixed convection of a liddriven cavity with a corrugated bottom wall filled with a nonNewtonian fluid under the influence of an inclined magnetic field has never been reported in the literature. The present numerical study aims at investigating the effects of the Richardson number, Hartmann number, inclination angle of the magnetic field, the power-law fluid index on the fluid flow, and heat transfer characteristic in a cavity having a corrugated bottom wall.
Mathematical Formulation
The physical domain of a square cavity with a moving lid and a triangular wave-shaped bottom wall is depicted in Fig. 1 along with the boundary conditions. The height of the cavity is H and the length and height of the triangular waves are a ¼ 0:25H and b ¼ 0:1H. The temperature of the bottom wall is maintained at a constant cold temperature of T c and the top wall is at a cold temperature of T c while the vertical walls are assumed adiabatic. The gravity acts in the y-direction. A uniform magnetic field of B ¼ B x i þ B y j is applied and it makes an angle of c with the horizontal axis. The magnitude of the magnetic field is B 0 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
The cavity is filled with a fluid having a Prandtl number of 10 under the influence of the inclined magnetic field. The effects of Joule heating, displacement currents, and the induced magnetic field are assumed to be negligible. The buoyancy force in the momentum equation is approximated by using the Boussinesq approximation.
The conservation equations of mass, momentum, and energy in a two-dimensional Cartesian coordinate system can be written in dimensional form as follows [22] :
For a power-law non-Newtonian fluid model, the shear stress tensor is given by [22] 
where m and n denote the consistency coefficient and the powerlaw fluid index. The relevant physical nondimensional numbers are the For the horizontal top wall:
For the triangular wave shaped bottom wall:
Local and averaged Nusselt number on the hot wall of the cavity is calculated as
Nu s ds (6) where h represents the nondimensional temperature, n denotes the coordinate direction normal to the surface. S represents the total length of the triangular wave.
Solution Methodology and Code Validation
The finite element formulation is utilized to solve Eqs. (1)-(4) using the appropriate boundary conditions described above. The finite element formulation is obtained by establishing the weak form of the governing equations with the Galerkin procedure. The computational domain is divided into nonoverlapping regions within each of the flow variables are approximated by using the interpolation functions. P2 À P1 Lagrange finite elements are used to discretize the velocity components and pressure, and the Lagrange-quadratic finite elements are chosen for the temperature. The convergence of the solution is assumed when the relative error for each of the variables satisfy a certain convergence criteria. In order to obtain an optimal grid distribution with accurate results and minimal computational time, different numerical studies with various grid sizes are tested. The averaged Nusselt number results for various grid sizes are shown in Table 1 for the Fig. 1(b) . The present code is validated with the results of Refs. [23, 24] . Figure 2 demonstrates the comparison results of streamlines and isotherms for (Ra ¼ 7 Â 10 3 ; Ha ¼ 25) and (Ra ¼ 7 Â 10 5 ; Ha ¼ 100). The numerical results of Ref. [15] for a corrugated channel flow at Re ¼ 500 were also used to validate the code as shown in Fig. 3 . The results shown in Figs. 2 and 3 provide sufficient confidence for the present code.
Results and Discussion
Numerical simulation results are presented in terms of streamlines, isotherms, and Nusselt number distributions for various values of the Richardson numbers (between 0.01 and 100), Hartmann number (between 0 and 50), and the inclination angle of the magnetic field (between 0 and 90). The Prandtl number of the fluid is set to 10. The power-law fluid index n is varied between 0.6 and Table 1 For the Newtonian fluid case, two main recirculation zones are observed within the cavity. As the value of the Richardson number increases, the influence of the buoyant force increases. The shape and extent of the recirculation zone adjacent to the bottom wavy wall increases with increasing the Ri values. The natural convection effect is more pronounced for the shear-thinning fluid (n ¼ 0.6) as the extent of the recirculating zone adjacent to the bottom wall increases and occupies most of the cavity. For the shear-thickening fluid (n ¼ 1.4), half of the cavity is occupied by the vortex due to the moving upper wall at Ri ¼ 100. The buoyancy force is weaker for the dilatant fluid flow compared to that of the Newtonian fluid as shown in Ref. [13] . The isotherms are less clustered along the bottom wall and are horizontally aligned, which indicates the dominance of heat conduction with increasing Ri values for the Newtonian fluid. At Ri ¼ 100, the gradient of the temperature on the bottom wall increases toward the left end as the power-law fluid index decreases, which indicates a locally enhanced heat transfer there. The local and the averaged Nusselt numbers plots are shown in Figs. 6 and 7 for various Richardson numbers and power-law fluid indices. The local enhancement of the heat transfer is seen for a Newtonian fluid as the value of Ri enhances and this effect is more pronounced for a Hartmann number on the v-velocity profiles for a horizontal plane located at y ¼ 0:5H from the bottom wall are shown in Fig. 11 15(c) , which is due to the dampening of the flow motion with increasing magnetic field and the discrepancy between the averaged Nusselt numbers are higher for power law index of 0.6 and decreases with as power law index enhances which is due to the different contributions of the Lorentz force in the x and y momentum equations resulted from the magnetic field.
Conclusions
A numerical study of mixed convection lid-driven cavity under the influence of an inclined magnetic field with a triangular waveshaped corrugated bottom wall filled with a non-Newtonian power-law fluid was performed. Some important conclusions can be drawn from the numerical simulation results as:
The influence of natural convection is more effective for the shear-thinning fluid and the buoyancy force is weaker for the dilatant fluid flow compared to that of the Newtonian fluid. As the value of Ri increases, the heat transfer is locally enhanced for the Newtonian fluid and the shear-thickening fluid. The averaged Nusselt number decreases with increasing Ri values, and the enhancement is more effective for a shear-thickening fluid. Heat transfer is locally reduced as the value of the Hartmann number increases for all power-law fluid indices. At the highest value of the Hartmann number, the averaged heat transfer is the same for Newtonian and shear-thickening fluids and has the lowest value for the pseudoplastic fluid. As the inclination angle of the magnetic field increases, the bottom recirculating zone diminishes in size and disappears and the cavity is filled with a single recirculating zone for the vertically aligned magnetic field. As the value of the inclination angle of the magnetic field increases, the averaged heat transfer rate generally enhances. The difference between the averaged Nusselt number for different inclination angles is lower for a fluid having a higher power law index. The study can be extended to include the effects of corrugation amplitude, corrugation frequency, type of corrugation (rectangular, trapezoidal, sinusoidal, etc.), and unsteady flow effects, which are not considered in this study. 
Nomenclature

